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Nitride quantum dot$QD’s) grown in the wurtzite phase present a strong vertical ordering alon@@ts)
direction when they are stacked in multilayers. This alignment results from a minimum of the elastic energy
density at the surface of the AIN capping layer induced by the buried GaN dot underneath. The aim of this
work is to investigate the strain distribution in a quantum dot multilayer using high-resolution transmission
electron microscopy and anomalous grazing incidence x-ray diffraction. This x-ray method is based on the
strong sensitivity of the elastic scattering cross section to the Ga compounds for energies in the vicinity of the
Ga absorption edge. It is observed that uncapped GaN dots are almost completely relaxed, while embedded
guantum dots are compressively strained. In addition, a modulation of the in-plane lattice parameter in the AIN
spacer layer is clearly identified, induced by the QD’s on the surrounding matrix which causes the vertical
alignment.
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[. INTRODUCTION vestigating, e.g., different pretreated substrates together with
various growth conditions. Another strategy is based on the
The growth of complex semiconductor heterostructuresgrowth of QD’s that could confine the carriers in dislocation
such as quantum wells, quantum wires, and quantum dot§lee material and limit thereby the nonradiative
has become of great importance aiming for novel optical andecombination**> Most often the growth of the QD's is
electronic propertie5A large number of growth procedures driven by the Stranski-Krastanov mdfieluring the molecu-
involves the epitaxy of lattice mismatched materials usingar beam epitaxy of the lattice mismatched GaN on the AIN
the strain relief as the driving force for the growth of three-layer’ (in-plane lattice mismatchAa/a=2.4% for the
dimensional(3D) quantum structurésWhen grown coher- Wurtzite phase They present a truncated pyramidal shape
ently and stacked in a multilayer, the interacting strain fieldwith {1013} facets and a hexagonal base with a typical di-
induced by the quantum dot®D’s) through the thin spacer ameter of a few hundreds of angstroms and a typical height
layer leads to a narrowing of their size and shape distributo base ratio of 0.2? During growth, the strain state and the
tions. It reaches a minimum after the deposition of the fewdimension(2D or 3D) of the deposited material are moni-
first bilayers®* Simultaneously, a vertical order is also ob- tored by reflection high-energy electron diffraction
tained, which, depending on the anisotropy of the elasticRHEED), which indicates before covering that the top of
constants, yields to the formation of 1D to 3D QD crystalthe GaN quantum dots is almost completely elastically re-
lattice >® Apart from structural and epitaxial growth aspects, laxed while the bottom is pseudomorphically strained to the
the strain fields modify the electronic and optical propertieswetting layer'® For application purposes, it is necessary to
in and around the dofsSeveral works based on elasticity bury the QD’s in an AIN matrix and to stack them in a
theory calculations, atomistic simulations, or high-resolutionmultilayer. A strong vertical QD correlation is developing.
transmission electron microscogHRTEM) report on the For this system we have shown that the vertical ordering
investigation of the strain distribution of QD multilayers in results from a single well-defined minimum in the elastic
SilGe/® arsenide and phosphid€ systems. It is shown that energy density distribution at the surface of the capping
the capping of the QD’s clearly modifies the strain field in- layer® and that the role of threading dislocations in the ver-
side the dots while, depending on the thickness of the captical alignment is certainly faint2 The minimum is localized
ping layer, strong deformations of the surrounding matrix areabove the previously buried dot due to the isotropy of the
also observed®® elastic constants. A few experimental or theoretical works
Among the large variety of nanostructured materials, ni-report on the study of the local strain in this system: they
tride compounds are of particular interest because they shosuccessively address the absence of intermixing between
a luminescence in the blue-ultraviolet wavelength rangeGaN and AIN, the epitaxial relation between the dot and the
opening the way to promising applications in optoelectron-surrounding matrix, the strains in the buried dot and in the
ics. However, the expectations are limited by the large numsurrounding matrix®-22
ber of dislocations in the material, up to 1-10 The aim of this work is to study the strain distribution
X 10'° cm™2, which leads to nonradiative recombinations directly in a QD multilayer: this investigation results from
and premature aging of the devides® Large efforts are the use of the unique properties of x-rays of being chemi-
currently under way to reduce the dislocation density by incally and strain sensitive; the information given by anoma-
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lous x-ray diffraction is obtained in a nondestructive way and
averaged over a large number of nanostructéités. addi-

tion, HRTEM is used to obtain a real-space outlook of the
QD shape and size, although the sample preparation is inva-
sive and the number of probed nanostructures is limited. The
combination of HRTEM and anomalous x-ray diffraction is
thereby a powerful tool to measure and identify unambigu-
ously the strain distribution in the QD multilayer. These tech-
niques, x-ray diffraction and more generally x-ray scattering,
have been recently widely used to investigate a large variety
of nanostructured semiconductdfer a review on the topic
see, e.g., Refs. 24,2 order to measure the strain, shape,
and chemical composition in free-standifi§’ or buried FIG. 1. Atomic force microscopy image of the uncapped QD’s
QD’s (Ref. 28, and to quantify the ordering in QD at the surface of the QD multilayer sample.

multilayers?®'° Most often, the data analysis is based on a

comparison of measured and calculated reciprocal spacglly strained to the AIN. The elastic relaxation of the
maps using finite element methods based on elasticityhismatch-induced strain leads then to the spontaneous for-
theory?"?®In a more direct way, strain and composition pro- mation of the QD's. Each of the QD layers is covered by the
files in free-standing QD’s can be obtained using the iSOAIN spacer layer. A steady state of the QD growth is reached
strain scattering methdd. Recently, anomalous x-ray dif- after the deposition of 2—3 bilayetAn uncapped QD layer
fraction has been used for the investigation of free-standings grown additionally on the top of the structure in order to
SiGe islands, which does not requagpriori hypothesis®*  measure with atomic force microscopy the dot density which
To our knowledge, anomalous x-ray diffraction is used in thejs apout 5.5 10 cm™2 (Fig. 1).
present work for the first time on a QD multilayer sample. The HRTEM images are performed with a JEOL4000EX
Due to the large mosaic spread (0.8-1°) in nitride com-glectron microscope which has a Scherzer resolution of about
pounds, the complete method described in Ref. 31 cannot be7 A. The preparation of the TEM specimens is made using
directly applied. However, the use of grazing incidencethe standard techniques of mechanical polishing and Argon
anomalous x-ray diffraction at the G@edge allows to in-  jon milling.*®
vestigate the strain in the different regions of the multilayer. pye to the small amount of material in the multilayers, a
Actually, in absence of interdiffusioff;? the presence of highly brilliant x-ray beam delivered by the third generation
gallium is a direct marker of the dots and wetting layers. Thesynchrotron facilities is mandatory for the x-ray investiga-
combined use of the grazing incidence geoniétaflows to  tions. In this context, the ID1 beamline of the European Syn-
compare the near surface to the in-depth structure by varyinghrotron Radiation Facility in GrenobléFrance is well
the penetration depth. suited for x-ray diffraction measurements in the grazing in-
The paper is organized as follows: the sample preparatiogidence geometry combined with the tunability of the beam
and the experimental setups are detailed in the first part. Thénergy for anomalous scattering. The position in the recipro-
second part presents the results and the analysis of real-spagg space is described by the wave-vector transferk;
inVeStigationS USing HRTEM. The strain and Chemica”y sen-— ki , Whereki and kf are the wave vectors Corresponding to
sitive investigation of the in-plane lattice mismatch usingthe incident and diffracted beams, respectively. In the graz-
anomalous grazing incidence x-ray diffraction is described inng incidence geometry, the surface is illuminated with a
the third section together with the details of the structuralmonochromatic beam under a small incidence aagleBe-
models used for the data analysis. The results are discussggyse the real part of the refractive index is slightly smaller
the capping induced strain, the QD induced strain, and thgccurs fora; smaller than a critical angle,. The evanes-
vertical alignment are successively addressed. cent wave probes essentially the first 100 A below the sur-
face. Fora;>a., the penetration depth increases and the
complete multilayer is probed. The diffracted intensity mea-

_ ) _ sured around the in-plane (Eaﬂ reflection is collected with
The QD GaN/AIN multilayer sample is grown in a com- g linear position sensitive detector oriented vertically with

mercial MECA 2000 molecular beam epitaxy growth cham-respect to the sample surface. A description of this geometry
ber equipped with Ga and Al effusion cells. Active nitrogen can be found in Ref. 29.

is generated by a radio-frequency plasma cell from the EPI

company. The substrate consists ¢Da01) oriented 5000 A

thick AIN buffer on a bulk 6H-SiC substrate, whose tempera- lIl. RESULTS AND ANALYSIS
ture is fixed to 730°C. The 80 bilayers are deposited under
N-excess condition with equivalent thicknesses of 100 A and
15 A, for AIN and GaN, respectively. With these conditions, ~ The cross-sectional HRTEM image of FigaPobserved
the deposition of the about six GaN monolayers leads first talong the[2,1,1,0] direction depicts a general view of five
the growth of a two monolayer wetting layer pseudomorphi-GaN QD layers embedded in the AIN matrix. The dots are

Il. EXPERIMENTAL DETAILS

A. High-resolution transmission electron microscopy
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FIG. 3. (a) High-resolution off-axis image of three QD’s. Only

FIG. 2. High-resolution transmission electron microscopy inVes_the(OOOZ planes are visible. The interplanar distance used to scale

N f the OD multl le ob dal BEL10 the c axis is shown at the right bottom cornéh) Lattice fringe
tlgathn of the Q mu_tl ayer sampie observed a ongid, 1, ,] profiles in pixel units and in angstrom measured through the regions
direction:(a) stack of five QD layers in the multilayer aith) QD’s

in th f | d h ; 1 (full dots) and 2(open dots defined in(a) (the solid line is only
|nbt e two |rstdtopoost ayers, one uncapped QD at the sur acq guide for the eye The horizontal dotted lines represent the aver-
above a capped QD. age values in the AIN matrix.

vertically aligned and well separated from each other. The, i
wetting layer aside the QD's is also visible. The Figb)2 ries) for the AIN located between two vertically stacked

shows the QD’s in the first two topmost bilayers: one un-QP’S With respect to the AIN located between two consecu-
capped QD at the surface above a capped QD. The shape aliye wetting layers. In the case: of Ga_mterdlffusmn in the
size of the capped QD's are very similar to the uncappe N matrix at the top of thg QD’s, a Iatt|ce_ parameter larger
ones. By analyzing HRTEM images of different directions in than the _Iattlce parameter in the AIN matrix quated between
combination with the atomic force microscopy measure- W0 wetting layers is expected. Our observations show the

ments, the dots are found to present a truncated pyramidQ_P_pOSite results vyhich confirms that the interdiffusion is neg-
shape with walls inclined by 30° from the surface plane ligible. By assuming that the AIN located between two con-

corresponding to the usu{aflOT3} facets. The average height secutive wetting layergprofile 2 of Fig. 3b)] is fully relaxed

; 97 (c/2=2.49 A), this 1.3% lattice mismatch is understood in
and b_ase d'a'”f.‘etefr are about 40 A and_300 A, respecpvelythe framework of elasticity theory as the stressor action of
Using a projection methd8together with the geometrical

phase methad several high-resolution images such as thethe relaxed GaN QD's which almost completely strain the

one presented in Fig(8 are analyzed: the HRTEM image is AN located between the QD's.

first projected along thé0002 planes in order to reduce the

noise, resulting in an average intensity profile. On this pro- B. Anomalous grazing incidence x-ray diffraction
file, the positions of the intensity maxima are determined by
fitting the neighborhood extrema with a polynomial function
of second degree. It gives the distances between the succes-Anomalous grazing incidence x-ray diffraction measure-
sive (0002 planes, which are described as a function of thements with beam energy tuned to the Baedge Ega
plane numbers. Two typical lattice fringe profiles extracted=10.367 keV) are performed in order to investigate the
from region 1 through the QIfull dots) and from region 2 strain in the different parts of the QD multilayer together
through the wetting layefopen dotsare shown in Fig. ®).  with the Ga content, using the chemical sensitivity of the
In the profile 2, the thickness of the wetting layer is esti-scattered intensity. In the vicinity of the Gaedge, the Ga
mated to about 2—3 monolayétsnd the layer presents a Ga atomic scattering factor decreases by a large amount, result-
polarity®* The average values of the interplanar distanceng in a weaker scattered signal for all Ga compounds. In
along thec axis in the AIN matrix are also indicated as dot- order to measure accurately the &adge(which may vary

ted lines. They clearly show a lattice mismatale/c of  with the energy resolution of the setup and with the Ga crys-
about 1.3-0.5% (mean-value averaged over the profile se-tallographic surrounding a fluorescence spectra in the clas-

1. Measurements
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FIG. 4. (a) Anomalous correction$’ (dotted ling andf” (solid
line) for Ga in the vicinity of theK-absorption edgd.” is measured
by fluorescence and’ is deduced by the Kramers-Kronig algo-
rithm. The two vertical lines indicate the reference energy,(
=10.3 keV) and the G& edge Eg,=10.367 keV). Grazing inci-
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sured at about 0.22° fdEr.; andEg,). For this incidence
angle, the penetration depth is about 100 A for the two en-
ergies. Both reference and anomalous measurements present
an intense diffraction peak, denotédlocated aroundj, .

On the lowq,54 range but forg,540>qgan, @ Weak double
peak intensity is observed on the reference cuydenotedB
andC). On the anomalous measurement, this part is strongly
reduced, indicating the presence of Ga. The second series
presented on Fig.(4) is measured for; =0.25°. For such a
large incident angle, a large number of bilayers is probed as
the penetration depth is increased to about 0.p-r1 How-

ever, in thea;>a. region, the penetration depth depends
strongly on the energy. Therefore the exact number of probed
bilayers is difficult to evaluate. The intense peak located near
gan remains on the reference curve together with another
strong peak located at 8 &A. A weak shoulder is also vis-
ible around 7.92 A%, In the anomalous measurement, a
strong modification of the intensity distribution is observed
with an important decrease of about all intensity components
except in theg,s20~8.03 A1 region.

2. Structural model

In the distorted wave Born approximation, the scattered
intensityl(q) is given by

1(@) o T(e)|S(a)[*T(a), D

whereT(«a; ¢) are the transmission functions for the incident
and exit angle, respectively, an8(q) is the structure
factor®? In the vicinity of the GaK edge, all terms are very
sensitive to the energy. The transmission function can be
calculated, using the Parratt formali$hfor a layered elec-
tron density averaged in each sublayer of the multildyer,
wetting layers, QD layers and spacer layeihis approach
shows that in the grazing incidence regime<a., the

dence anomalous x-ray diffraction measurements at the in-planfansmission function is rather insensitive to the change of

(2220) reflection along they ;54 radial direction. The measure-

dispersion and absorption, whereas &oE «, a strong de-

ments afE,; are given by open circles, while the squares represenpendence of the transmission function with bathand the

the measurements Bt;, for (b) a;=0.07° and(c) «;=0.25°. The
solid lines in(b) and (c) are the results of the best fits using the
same model as described in the text. The insét)iis a lin-log plot

of the regionC.

[Fig. 4(a), solid line]. The experimental GK edge is found
at the expected energy within an absolute accuracy of le
than 1 eV. A series of diffraction curves in the grazing inci-
dence geometry is then measured at the in-plane {p24-
flection for the two energies marked by a vertical line on th
Fig. 4(a): the reference curvéopen circleg is measured 67
eV below the Ga K edgeHg.s=10.3 keV) and the second
one, the anomalous curvégpen squargsdirectly at Eg,
[Figs. 4b) and 4c)]. In order to improve the statistics and to
avoid the contribution of the multilayer periodicityor «;

e

complex refractive index profile is observed. Following the
same arguments, the penetration depth is almost unchanged
for a;j<a, (about 100 A, i. e., the two topmost bilaygrs
whereas it changes strongly fat;=a.: for «;=0.25°
+0.01°, the penetration depth decreases from about 60
%10 bilayers down to 255 when the energy increases from

slgref to Eg,. In addition, small variations in the profile of the

complex refractive index also induce strong variations in the
penetration depth fow;=a.. Moreover, the AIN buffer
layer may also contribute to the diffracted signal, resulting in
an unknown offset arounday , but only for theEg.s mea-
surement. For these reasons, #ag=0.25° measurements
are only used to validate our structural model resulting from
the fit of thea;=0.07° data, described in the following part.
The structure factoB(q) of a finite-size crystal is given

>a,), the o spectra are integrated along the linear detectoPY

betweena, and 2.4X a.. The relaxedy,,4 values for GaN
and AIN are indicated on the graph gg,y and qan ., re-
spectively.

The first series presented in Figb}is obtained for an
angle of incidencay;=0.07°, much smaller than. (mea-

S(a)=f(a)(Q(a)*A(q)), (2

where f(q) is the complex scattering factor of the crystal,
Q(q) is the Fourier transform of the crystal shapegq)
represents the strain distribution in the reciprocal space as-
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TABLE |. Structural parameters of the three zones A, B, C used to fit the measurements of thé)Fig. 4
and presented on Fig. 5: crystal shape with its corresponding base diameter and height, the in-plane lattice
misfit ey=Aal/aay, the corresponding strain distribution and the chemical composition of each zone.

Zone Shape Diameter  Height g| Strain Composition
R (A) (%) distribution (%) (%)
A Cylinder 220 100 0.060.02 22 100% AIN
B Cylinder 190 100 0.64 0.06 65 60% AIN+ 40% GaN
C Truncated cone 300 40 1.89.05 55 100% GaN

sociated with the crystal and * denotes the convolution of thentensity of this Bragg peak is finally well reproduced for a
two quantities. As nitride compounds are disturbed materialsefined diameter of 220 A. On the other side of the diffrac-
with defects and as the typical sizes of the structure ar@ion curves, the weak peak denoté&dis attributed to the
rather small, the calculation of the intensity diffracted by thefree-standing QD’s on the surface as a chemical composition
QD multilayer is performed in the incoherent win the  of 100% GaN is necessary to reproduce the anomalous effect
following, the strain is given as the in-plane lattice parametegnd as the corresponding lattice parameter is closer to re-
misfitsj=Aa/aay (aan=3.114 A) between the considered |axed GaN than relaxed AIN. The shape is approximated by

crystal and the relaxed AN taken as a reference. a truncated cone with a base diameter of 300 A, a height of
At the (2240) reflection of aXN wurtzite compoundX 40 A (according to our HRTEM resultsand an in-plane
=Al, Ga), the scattering factor is given by lattice misfite| of about 1.85%. Between these two extreme
B peaks, the peaB was first attributed to a strained AIN col-
Fxn(@)=2(Fx(@) + n(a)), ) umn under the free-standing QD’s. This simple model cannot

where fy n(q)=fo(q)+f'(E)+if”(E) is the complex explain the change of the scattering and therefore this de-
atomic scattering factorf, represents thg dependence of scription is rejected. A significant contribution of GaN is
the Fourier transform of the atomic electron distribution, cal-needed to explain the intensity decreas&g{. Finally, this
culated for Al, Ga, and N with a code derived from Ref. 36; strain state is attributed to a cylindrical zoBewhich con-
f’ andf” are the real and imaginary parts of the enefy  tains the AIN matrixandthe first buried QD’s. The height of
dependent corrections that become important, for Ga conthe zoneB is limited by the penetration depth. From the fit,
pounds in the vicinity of the GK edge. For a precise deter- the diameter of this zone is estimated to about 190 A,
mination of the atomic scattering factor of Ga in sample  slightly larger than the QD apex diamet@#0 A). Although
GalS deduced from the fluorescence measurerfféigt 4a),  the exact contribution of GaN is difficult to measure, the
solid ling] and fg, is calculated using the Kramers-Kronig estimated amount of GaN is in agreement with the volume
dispersion relation for the measurggl, values in the vicinity  ratio of GaN compared to AIN in such a defined cylinder.
of the edge and tabulated values from Ref. 37 for the remairithe ¢ value of the zoneB is about 0.65%. The parameters
ing part of the spectrurfFig. 4(a), dotted ling. used to fit the measurements of Figbjare summarized in
For the a;=0.07° measuremenfig. 4b)], where only  Table | and a schematic view of the three zones is repre-
the two topmost bilayers are probed, three peaks are olsented in Fig. &).
served. The peak is located aroundj,y and its contribu- The measurements presented in Fi@) 4re obtained for
tion is weakly affected by the variation of the energy. It is a;=0.25° where a larger number of bilayers is probed. On
attributed to the relaxed matrix of pure AIN located betweenyq reference curve, the AIN peak is well visible, as well as
two wetting layersnamed zon&\). The shape of this zone o haak corresponding to the strained AINGaN column,

is approximated simply by a cylinder with a diameter COIe-+ about 7.98 AL In the smalldi:
. . : . . U220 Fange, the weak scat-
sponding to the interdot distandabout 200 A, deduced tering from the free-standing QD’s at the surface is also dis-

from the QD density and a height of about 100 A, corre- inguishable(see inset On the measurements performed at
sponding to the penetration depth. This finite-size crystaLGa, the intensity of the relaxed AIN peak decreases. It re-

leads to a diffraction peak width of only 0.03°A, smaller A P
than the experimental one. In order to reproduce the broads-UItS from two parallel effectsi) the contribution of the AIN

ening of this Bragg component, it is necessary to introduce 2uffer which disappears &g, due to the decrease of the
distribution, which exists probably in both size and strain.Penétration depth, from about 60 down to 25 bilayers@nd
However, the studies of the single-layer growth mode showhe anomalous effects from the GaN wetting layer which is
that the AIN deposited on a GaN substrate presents a strorigrained to the AIN spacer layéthis second effect is not
in-plane lattice variation during the deposition of the first 500bvious in thea; <« measurements probably due to inten-
A.%® Similar lattice distribution is observed during the sity normalization uncertainti®sAt low q,s, the weak
growth of AIN on GaN QD's*® Therefore, a simple approxi- scattering signal from the free-standing QD’s is no more vis-
mation is done with the use of a normalized Gaussian-likeble, as expected. Finally, the peak in the central part of the
strain distribution of about 20% in order to match the mea-diffraction curve decreases tremendously, while the plateau
sured broadening of the corresponding peak. The integrateatound 8.03 A* is almost unchanged. It shows that the ver-
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(@) o< 0, (b) o, > a, tween two vertically stacked QD’s.

Strain distribution studies in GaN/AIN QD multilayer are
e (CN  (CNA/TY already addressed in several experimental and theoretical
B A £, works as the understanding or the prediction of optical and
. electronic properties motivates the knowledge of the struc-

7B é‘ tural propertie€°-22 Moreover, a clear understanding of the
GaN (BN AL growth mechanisms relies on the strain and chemical distri-
o 7 bution descriptions. The use of anomalous grazing incidence

AIN B .—E. x-ray diffraction at the G& edge gives the unique opportu-

AN buffer layer nity to study the strain distribution as a function of the

chemical composition in this nitride QD multilayer. The first

FIG. 5. Schematic views of the structural models used to fit thequestion arising concerns the validity of our structural
anomalous grazing incidence diffraction measurementéajatyy  model. The main assumption of this work is the absence of
<ag [Fig. 4b)] and at(b) a;>a, [Fig. 4c)]. The dark and light interdiffusion: in this case the presence of Ga is a direct
parts represent the GaN and AIN compounds, respectively. Thgignature of the GaN QD’s or wetting layers. Thereby, the
zones Igbeled on the draws indicate Fhe isostrain _regions_, as d%train in the different parts of the multilayer can be unam-
scribed in the text(a) between two wetting layersA), in the first o ,qysly identified. The absence of Al/Ga interdiffusion is
embedded dot layer and the corresponding above AIN mé@ix ;"5 4 eement with HRTEM analysis based on the comparison
and in th.e frlee stanqlng_ qur?ntum _dogi)( () |n”the_ A”: betwt:aedn of experimental and simulated HRTEM lattice fringe profiles
two wetting ayetSA. ), in the wetting .ayerS/{\ ), in the em f" " using linear elasticity theory: rather abrupt interfaces are
ded GaN dots§'), in the corresponding above AIN matrB() 1420 The same conclusion is drawn in Ref. 22 where
and in the free standing _quantum do®) ( The same definition also nonre.sonant Raman scattering measurements c‘)f 2 GaN/AIN
refers to the peaks of Figs(t) and 4c). QD multilayer is compared to a thick &, N layer of
. . . . e the same average composition. Furthermore, our x-ray simu-
tically aligned QD’s present an in-plane lattice misfit slightly lations are based on a simple model without taking into ac-

larger than the strained AIN matrix in between. count the decay of the electromagnetic field in the multilayer.
As the structural model needed to understand the mear ¢ otect is only of importance fo;= a,, where a large
. i=— %co
suremtlantls trequwes tﬁ large nuTbetr Ofl parametters, V\Ile baﬁﬁmber of bilayers, which may present a gradient of struc-
four t(:jafcu ahlons on the same structura dp_aran;e er v;]a ufesl; Wral properties, contributes to the scattered intensity with
ound for the a;<a, measurements and introduce the fol- it ant weights related to their position in the multilayer.
lowing five coptrlbutlons, sche.matlcally drawn in Figbh However for a 80 bilayer sample, we may assume that the
the free standing GaN QDisegionC), the embedded QD’s top 60 bilayers are self-replicated, as the steady state of

(;am@:y 0; reg@onsg”’), :L‘e A':\‘ mth?NbetV\;e_e(r; th‘?l Ql?'s growth is already reached after the deposition of a few
(family of regionsB”), the relaxe matrix(family o bilayers'®

regionsA’), and the GaN wetting layeffamily of regions A first main conclusion of this work concerns the mea-

mea_surements of .Fig.(d) can be well reprodqced when the x-ray method for the GaN/AIN QD’s system as the QD size
strained AIN matrix and the capped QD misfits are set tQyistripution and the strain distribution lead to the same
0.55% and 1.02%, respectively. broadening of the x-ray diffraction peaks. The mosaic spread
of the deposited nitride compounds avoids any determination
of the lateral size and size distribution, usually obtained in
rocking scans! Concerning the free-standing QD’s at the
The present work studies the strain distribution in a GaNkurface, a slight compressive strain of about 1.85% is ob-
AIN QD multilayer. The QD growth is driven by the tained instead of the 2.4% lattice mismatch calculated be-
Stranski-Krastanov mode which leads to the formation of 3Dtween the bulk GaN and AIN in-plane lattice parameters.
islands by elastically relaxing the mismatch-induced strainThis result can be compared to RHEED measurements per-
When embedded in an AIN matrix and stacked in theformedin situ during growth, where an almost completely
multilayer, the QD’s show a strong vertical ordering evi- relaxed GaN is monitored on the top of the growing Qf¥'s.
denced by HRTEM method™ and quantified by x-ray Moreover, for embedded QD’s, a modification of the in-
scattering techniqué$. The strain distribution which is re- plane misfit is observed enhanced by the comparison with
sponsible for the ordering in several QD multilayer systemshe free-standing QD’s. Although the shape is not modified
is investigated here using both real-space and reciprocaby the capping, the AIN acts as a stressor on the QD’s result-
space approaches. We observed that the free-standing Gamy in an in-plane compression in GaN of about 1%. This
QD’s on the surface are slightly straineg|  1.85%), while  effect is understodd? and observed for several QD’s
they show a more pronounced compressive strain of aboutystems?28 For the GaN/AIN QD system, analytical calcu-
1.02% when they are capped in the AIN matrix. Moreover, dations of the strain tensor in embedded GaN QD's lead to a
tensile strain of about 0.55% is clearly identified in the AIN strain of about 0.3—0.7 %, close to our observafftoSome
spacer layer, which is attributed to the matrix located bedifferences in the structural parameters such as the spacer

IV. DISCUSSION
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layer thickness and the QD size may explain this slightsity at the surface of the AIN capping layer presents a well-
discrepancy:®1° However, our x-ray results differ from our defined minimum located above the buried éDThe
HRTEM analysis: theé\c/c lattice mismatch for AIN located strained area is of the order of the QD base and apex diam-
between two QD’s and AIN located between two wettingeters. It is interesting to note that the QD and the surrounding
layers corresponds to the stressor action of the fully relaxedhatrix do not present the same average strain irattizec-
GaN QD’s on the surrounding matrix. In the HRTEM study tion and that none of them is fully relaxed. This information
the thin-specimen relaxation due to the reduce thickness afan be used for prediction of carrier confinement properties
the TEM samples is not taken into account and explains thisbserved in GaN/AIN QD structurés.

difference® Further works are needed to fully quantify this
effect, using finite element methods applied on QD thin
samples.

Finally, the more important aspect of our study concerns In conclusion, using anomalous x-ray diffraction in the
the modulation of the in-plane strain in the AIN spacer layer,grazing incidence geometry in combination with HRTEM,
which can be observed with x-ray diffraction techniques onlywe investigate the strain distribution in the different parts of
by using the chemical sensitivity of the anomalous scatterthe nitride QD multilayer: we observe the capping induced
ing. While AIN between two wetting layers is almost fully strain on the QD’s as well as the in-plane lattice parameter
relaxed, the AIN matrix between two vertically stacked QD’s modulation in the spacer layer, which causes the vertical
is strained to about 0.55%. In comparison, a strain of 0.86%lignment of the dots. This work shows that the anomalous
is reported in an indirect way in Ref. 22 assuming somex-ray diffraction techniques can be applied to investigate
averaging in the complete AIN spacer layer, while a value ofcomplex nanostructured multilayers, such as QD multilayers.
0.4% is calculated in Ref. 21. This local strain results fromlt opens the way to further investigations of the dependency
the stressor action of the QD’s on the surrounding matrix anaf the in-plane strain modulation with the spacer layer thick-
leads to the QD vertical alignme®f:the elastic energy den- ness and with the material elastic constants.

V. CONCLUSION
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